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Abstract
Objectives: The purpose of this study was to investigate effects of adipocytes on  
osteoclast adhesion-related molecules.
Materials and methods: ST2 cells, a cloned stromal cell line from mouse bone marrow, 
able to differentiate into adipocytes, were cultured in serum-free α-MEM which was 
then collected to be used as adipocyte-conditioned medium (ADIPO CM). RAW264.7 
cells were cultured in ADIPO CM in the presence of RANKL, and bone marrow-derived 
macrophages were cultured in ADIPO CM in the presence of RANKL and macrophage-
colony stimulating factor to induce osteoclast differentiation. TRAP staining, resorp-
tion pit assay, qRT-PCR and western blotting assays were performed.
Results: ELISAs revealed that CXCL12 was abundant in ADIPO CM and CCK-8 assay 
revealed no proliferation of RAW264.7 cells after exogenous CXCL12 treatment. 
ADIPO CM enhanced osteoclast formation and resorption, both by RAW264.7 cells 
and BMMs. In addition, exogenous CXCL12 efficiently potentiated formation of 
TRAP-positive osteoclast and resorption by RAW264.7 cells. Western blotting and 
qRT-PCR suggested that ADIPO CM or combined treatment with exogenous CXCL12 
caused significant increase in expression of NFAT2, src and osteoclast adhesion-
related molecules, including β3 integrin, CD44 and osteopontin. However, these pro-
motional effects were largely abrogated on treatment of AMD3100, a CXCR4 
antagonist.
Conclusions: Adipocytes promoted osteoclast differentiation, function and expression 
of adhesion-related molecules through the CXCL12/CXCR4 signalling pathway.
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1  | INTRODUCTION

The prevalence of obesity or overweight continues to be unaccept-
ably high and of public health concern worldwide. Clinical evidences 
indicate that obesity is a risk factor for osteoporosis in humans.1 An 
inverse relationship between bone mass and marrow adiposity has 
been observed under pathological and physiological conditions.2–4 
Adipocytes are present in bone marrow niche and are shown to in-
crease greatly with advanced age, obesity and associated abnormal 
bone metabolism, such as osteoporosis, rheumatoid arthritis and 
metastatic cancers.5 Therefore, bone marrow adipogenesis has been 

recently regarded as a therapeutic target for prevention of bone 
loss. In vitro studies demonstrated that co-culture of osteoclast 
precursors with adipocytes or addition of the culture supernatant 
from bone marrow adipocyte to RAW264.7 cells under low-dose 
of RANKL could promote osteoclastogenesis and increase the area 
of bone resorption,6 indicating that adipocytes could enhance os-
teoclast differentiation and resorption ability through secretion of 
pro-osteoclastogenic cytokines. Up to now, several proinflammatory 
cytokines and adipocyte-specific factors such as leptin and adiponec-
tin have been shown to contribute to the adipocytic regulation of os-
teoclast formation.7
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Chemokines have recently been demonstrated to play essential 
roles in osteoclast differentiation. CXCL12, a member of CXC chemok-
ine family constitutively expressed by murine and human bone marrow 
stromal cells, has been implicated in mediation of survival for progen-
itor cells and regulation of their homing, retention, fusion and func-
tion.8–11 Recently, CXCL12 is also shown to be expressed by adipocyte 
and functions by binding to its major receptor CXCR4, a G-protein-
coupled receptor which is expressed on many cell types, including 
osteoclast precursors.12–14 De Klerck et al.15 reported that CXCL12 
potentiates receptor activator of NF-κB ligand (RANKL)-induced os-
teoclast differentiation and activity from splenocytes, which can be 
counteracted by AMD3100, a specific antagonist for CXCR4. Thus, 
CXCL12/CXCR4 signalling pathway appears to be closely involved in 
the process of osteoclast differentiation.

NFAT2, a master transcription factor of osteoclastogenesis, binds 
to its own gene promoter accelerating its own transcription and fur-
ther induces the expression of key genes associated with osteoclast 
activation.16 Active mature osteoclasts are typically multinuclear giant 
cells that have strong potency to degrade bone matrix. The achieve-
ment of bone resorption by osteoclasts requires the tight attachment 
to bone surfaces and the formation of ruffled border, where they de-
grade the mineralized bone matrix by releasing several proteolytic en-
zymes such as matrix metalloproteinase-9 (MMP-9) and cathepsin K.17 
The process of attachment of osteoclasts to mineral surface requires 
a series of osteoclast-derived adhesion molecules including CD44 and 
integrin β3 sharing a common ligand, osteopontin (OPN), which is also 
expressed and secreted by osteoclasts.18,19 The activation of CXCL12/
CXCR4 has been noted as one of the key regulatory mechanisms of 
multiple intracellular changes, such as actin cytoskeletal reorganiza-
tion and adhesion molecules expression.20 However, much less has 
been known about the role of CXCL12/CXCR4 in osteoclastic adhe-
sion so far. The objective of this study was to investigate the effect of 
adipocyte on the expression of osteoclast adhesion-related molecules 
and the role of CXCL12 in the process.

2  | MATERIALS AND METHODS

2.1 | Materials

Murine RAW264.7 cells were purchased from the America Type 
Culture Collection (Rockville, MD, USA). Minimum essential medium 
(α-MEM), foetal bovine serum (FBS), penicillin and streptomycin 
were purchased from Gibco (Rockville, MD, USA). Acid Phosphatase 
Leukocyte (TRAP) Kit was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Recombinant mouse CXCL12 protein and AMD3100 octahy-
drochloride were from Abcam (Cambridge, MA, USA). Macrophage-
colony stimulating factor (M-CSF) and receptor activator of NF-κB 
ligand proteins (RANKL) were from R&D Systems (Minneapolis, MN, 
USA), and mouse CXCL12/SDF-1 ELISA kit was purchased from 
4A Biotech Co., Ltd (Beijing, China). OriCell MSC Adipogenic 
Differentiation Medium was obtained from Cyagen Biosciences 
(Guangzhou, China). The Cell Counting Kit-8 (CCK-8) was obtained 
from Solarbio (Beijing, China).

2.2 | Adipocytic induction of ST2 cells and 
preparation of ST2-adipocyte-conditioned media 
(ADIPO CM)

ST2 cells were plated in six-well plates (1 × 105 cells/well) and treated 
with OriCell MSC Adipogenic Differentiation Medium for 21 days ac-
cording to manufacturer’s instruction. Differentiated ST2-adipocyte 
cells were cultured in serum-free α-MEM for 12-16 h and medium was 
collected, centrifuged, and stored at −80°C. Prior to use, serum-free 
medium collected from adipocyte cultures was diluted 1:1 with α-MEM 
appropriate for osteoclast treatment and designated “ADIPO CM.” 
After rinsing with phosphate-buffered saline (PBS), cells were fixed with 
4% paraformaldehyde in 0.1 mol/L (PBS; pH 7.4) for 30 minutes at room 
temperature. Oil red O working solution was made up as described by 
manufacturer’s instructions, and after 5 minutes, the Oil Red O solu-
tion was washed directly with PBS. The cells were captured using an 
inverted phase contrast microscope (CKX41; Olympus, Tokyo, Japan).

2.3 | ELISA assay for CXCL12 in ADIPO CM

The concentrations of CXCL12 in serum-free culture medium condi-
tioned by ST2-adipocytes as mentioned above were detected. Culture 
medium of serum-free α-MEM was used as control. The samples were 
assayed using commercially available enzyme-linked immunosorbent 
assay (ELISA) kit and the data were expressed as pg/mL.

2.4 | Cell culture and cell proliferation assay

RAW264.7 cells and BMMs were cultured in α-MEM supplemented 
with 10% FBS and 1% penicillin-streptomycin at 37°C in a humidified 5% 
CO2 atmosphere. To evaluate the effect of CXCL12 on the proliferation 
of RAW264.7 cells and BMMs, cell proliferation viability assays were 
performed using the CCK-8 according to the manufacturer’s instruc-
tions. Briefly, RAW264.7 cells plated in 96-well plates at a density of 
5 × 103 cells were grown for 1-2 days and further treated with CXCL12. 
BMMs were seeded in 96-well plates at a density of 1 × 104 cells/well 
and grown for 1-2 days in the presence of 30 ng/mL M-CSF. For cell 
proliferation assays, cells were incubated in the presence or absence 
of CXCL12 (20, 50 or 100 ng/mL) for 1, 2, 3 and 4 days. After incu-
bating the cells with CCK-8 solution for 1 hour, optical density was 
measured at 450 nm using a GENios microplate reader (Tecan, Austria). 
Experiments were repeated at least three times each time in triplicate. 
Cell viability was expressed as a percentage of the control.

2.5 | Preparation of bone marrow-derived 
macrophages (BMMs)

BMMs were isolated from whole bone marrow of 4- to 6-week old 
C57BL/6 male mice. Briefly, after killing the mice, total bone marrow 
cells were flushed from the femora and tibiae with α-MEM. The cells 
were layered on a Ficoll-Hypaque gradient and centrifuged at 440 g 
for 30 minutes at room temperature. Cells at the gradient interface 
were collected and plated in α-MEM, supplemented with 10% FBS, 
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at 37°C in 5% CO2 in the presence of 30 ng/mL M-CSF. After 3 days, 
cells were used for osteoclast differentiation assay.

2.6 | Osteoclast differentiation assay and tartrate-
resistant acid phosphatase (TRAP) staining

RAW264.7 cells and BMMs were seeded in 24-well plates at a density 
of 5 × 104 cells/well and allowed to attach overnight. For osteoclas-
togenesis assays, RAW264.7 cells and BMMs were cultured with α-
MEM or ADIPO CM, respectively. Meanwhile, RAW264.7 cells were 
administrated with 10 ng/mL RANKL, while BMMs were cultured 
with 30 ng/mL M-CSF and 10 ng/mL RANKL. When indicated, assays 
were performed in the absence or presence of recombinant proteins 
CXCL12 (50 ng/mL) or CXCR4 antagonist AMD3100 (650 nmol/L). 
Every 48 hours, the medium was removed and replenished with fresh 
media supplemented with M-CSF, RANKL and appropriate treatment 
reagents. Data were collected from at least three independent ex-
periments performed in duplicate. Osteoclasts were formed within 
4-6 days, and at the end of the culture period, tartrate-resistant acid 
phosphatase (TRAP)-positive cells with >3 nuclei/cell were counted 
after staining with Acid Phosphatase Leukocyte (TRAP) Kit.

2.7 | Resorption pit assay

RAW264.7 cells or BMMs were seeded in Corning Osteo Assay Surface 
96-well plates coated with calcium phosphate substrate at a density of 
5 × 103 cells/well and allowed to attach overnight. The cells were incu-
bated at 37°C in 5% CO2 for 7 days, and the medium was changed every 
48 hours. After 7 days, cells were washed with a 10% bleach solution. 
Images of resorption pits on the plates were captured using a light micro-
scope (CKX41; Olympus) and quantified using Image-Pro Plus 6 software, 
and the results were expressed as a percentage of the total field area.21

2.8 | Quantitative real-time PCR analysis

Total RNA was extracted from RAW264.7 cells with RNAiso Plus (Takara 
Bio Inc, Shiga, Japan) on day 4 after inducing. Total RNA was reverse tran-
scribed with the PrimeScript™RT reagent Kit with gDNA Eraser (Takara 
Bio Inc). Real-time polymerase chain reaction amplifications labelled 
with SYBR Premix Ex Taq (Takara Bio Inc) were performed in a Roche 
480 LightCycler (Roche, Mannheim, Germany) at 95°C for 30 seconds, 
95°C for 5 seconds and 60°C for 30 seconds for a total of 40 cycles. The 

appropriate primer sequences were listed in Table 1. Data were normal-
ized against the levels of glyceraldehyde-3 phosphate dehydrogenase 
(GAPDH) DNA and were compared with normalized control values.

2.9 | Western blot assay

Cells were lysed and centrifuged and the protein content was quantified by 
BCA protein assay kit (Pierce, Rockford, USA). Western blot analyses were 
then performed using NuPAGE 4-12% Bis-Tris gradient gels and 0.45 μm 
Invitrolon polyvinylidene fluoride membranes (Invitrogen, Carlsbad, CA, 
USA). Proteins were transferred to membranes and immunoblotted with the 
appropriate primary antibody overnight. The primary antibodies used were 
rabbit anti-cathepsin K antibody (ab19027; Abcam), goat anti-MMP-9 an-
tibody (AF909; R&D Systems, Inc.), anti-NFAT2 antibody (ab2796; Abcam), 
phospho-src (Tyr416) rabbit mAb (#6943; Cell Signaling Technology, 
Massachusetts, USA), rabbit anti-CD44 antibody (15675-1-AP; Proteintech 
Group Inc., Chicago, USA), rabbit anti-OPN antibody (ab8448; Abcam), in-
tegrin beta-3 polyclonal antibody (18309-1-AP; Proteintech) and beta actin 
monoclonal antibody (60008-1-Ig; Proteintech). Following washing and 
incubating with HRP-linked goat anti-mouse IgG (ab102448; Abcam) or 
swine anti-rabbit IgG (GP021710/29; Gene Tech, Shanghai, China) or rab-
bit anti-goat IgG (Jackson ImmunoResearch Inc., Baltimore, PA, USA) for 
1 hour, the signals were then detected with a chemiluminescence detection 
system (Bio-Rad, Singapore). The western blot band intensities were meas-
ured with ImageJ software. Protein levels were normalized to β-actin levels 
and compared to normalized control values.

2.10 | Statistical analyses

All data analyses were performed using spss 14.0 software. Data were 
presented as the mean ± standard deviation. Statistical comparisons 
were assessed by the unpaired t test between two groups and by the 
one-way analysis of variance among more than two groups. P<.05 was 
considered statistically significant.

3  | RESULTS

3.1 | CXCL12 was abundantly detected in adipocyte-
conditioned medium

ST2 cells presented with a typical spindle-shape phenotype (Figure 1A), 
and cells from passages 4 (21 days) of adipogenic induction were used 

TABLE  1 Sequences of quantitative PCR primers

Genes Forward primer Reverse primer

β3 integrin CCCCGATGTAACCTGAAGGAG GAAGGGCAATCCTCTGAGGG

MMP-9 GCAGAGGCATACTTGTACCG TGATGTTATGATGGTCCCACTTG

CD44 TGCAGGTATGGGTTCATAGAAGG GTGTTGGACGTGACGAGGA

c-src CAATGCCAAGGGCCTAAATGT TGTTTGGAGTAGTAAGCCACGA

OPN CCCTCCCGGTGAAAGTGAC CTTCTGAGATGGGTCAGCA

Cathepsin K TGGAGGGCCAACTCAAGAAG CCTTTGCCGTGGCGTTATAC

GAPDH TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA
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for the oil red O staining. Cultured ST2 cells treated with adipogenic 
cocktail exhibited obvious Oil Red O-positive adipocyte clusters com-
pared with growth medium (Figure 1A,B). After adipogenic induction, 
the supernatant of adipocyte was collected and was diluted with α-MEM 
at 1:1 as mentioned above. FBS-freed α-MEM and ADIPO CM were as-
sayed to detect the concentration of CXCL12 by ELISA, and the latter 
media showed a dramatic increase in CXCL12 levels compared with the 
α-MEM vector control (1975 ± 21.21 in the ADIPO CM vs 82.16 ± 5.49 
in the α-MEM, P<.01, Figure 1C). To explore the effect of CXCL12 on 
the proliferation viability of osteoclast precursor cells, CCK-8 assay was 
performed using RAW264.7 cells (Figure 1D) and BMMs (Figure 1E). 
We found that CXCL12 had no effect on proliferation viability of osteo-
clast precursor cells at the concentrations used in this study.

3.2 | ADIPO CM enhanced osteoclast formation and 
resorption ability

To investigate the direct role of ADIPO CM on osteoclast differentia-
tion and resorption ability, we examined the effect of ADIPO CM on 
osteoclast differentiation and pit formation from murine RAW 264.7 
cells (Figure 2A) and BMMs (Figure 2B). RAW264.7 cells were cul-
tured for 4 days in the presence of 10 ng/mL RANKL with α-MEM 
or ADIPO CM. After 4-day culture in the presence of RANKL, a large 
number of multinucleated osteoclast (more than three nuclei) could 
be observed. To confirm the effects of ADIPO CM on osteoclast dif-
ferentiation and function, similar experiments were performed using 
another model of osteoclast generation: mouse BMMs cultured in the 
presence of RANKL and M-CSF with α-MEM or ADIPO CM.

As shown, treatment for RAW264.7 cells with ADIPO CM resulted 
in significantly increased number of TRAP-positive cells in compari-
son to standard control treatments with RANKL alone (68.33 ± 2.73 
in the control group vs 161.31 ± 4.41 in the ADIPO CM group, P<.05). 
After 4 days (48.33 ± 1.45), TRAP-positive multinucleated cells were 
generated from BMMs cultured in the presence of RANKL and M-
CSF, whereas (83.33 ± 2.03) TRAP-positive multinucleated cells 
were formed with the addition of adipocyte supernatant (Figure 2C). 
Notably, the osteoclast size was enlarged significantly upon treat-
ment with ADIPO CM (0.028 ± 0.001 mm2 in the control group vs 
0.071 ± 0.003 mm2 in the ADIPO CM group, P<.01, Figure 2D). 
Besides, the proportion of resorption area is also statistically enhanced 
after treatment for RAW264.7 cells with ADIPO CM (2.67 ± 0.11% in 
the control group vs 6.69 ± 0.11% in the ADIPO CM group, P<.01). 
Similarly, after induction of BMMs, the group of ADIPO CM showed 
statistically greater resorption area than control (0.98 ± 0.09% in 
the control group vs 6.08 ± 0.12% in the ADIPO CM group, P<.01, 
Figure 2E). These results are accordant with data from RAW264.7 cells 
and the model of BMMs confirming the enhanced effect of ADIPO CM 
on osteoclast differentiation and resorption ability.

3.3 | Adipocyte-derived CXCL-12 enhanced 
osteoclast differentiation and resorption ability in 
RAW264.7 cells

To understand the effects of adipocyte-derived CXCL12 on osteoclast 
differentiation and resorption ability, we incubated RANKL-treated 
RAW264.7 cells in the absence or presence of recombinant CXCL12 

F IGURE  1 ELISA assay for CXCL12 in ADIPO CM and the effect of CXCL12 on the proliferation viability of RAW264.7 cells and BMMs. The 
adipogenic effects of ST2 cells under normal and differentiation conditions were measured by Oil Red O staining on day 21 (A, B). ELISA analysis 
for secreted CXCL12 concentration after adipocyte differentiation compared with α-MEM culture (C). The proliferation effect of CXCL12 was 
evaluated using the CCK-8 method. RAW264.7 cells and BMMs were cultured for 1, 2, 3 and 4 days in the presence or absence of varying 
concentrations of CXCL12. Optical density was measured at 450 nm. Cell proliferation viability was expressed as a percentage of the control  
(D, E). Values are mean ± SD of three independent experiments. **P<.01

(A) (B)

(C) (D) (E)
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protein and AMD3100 in culture of ADIPO CM (Figure 3A,B). Then, 
we performed TRAP staining and evaluated the number of osteoclasts 
per well (66.33 ± 11.50 in the control group vs 130.72 ± 12.01 in the 
ADIPO CM group, vs 160.31 ± 11.51 in the ADIPO CM + CXCL12 
group vs 94.67 ± 9.82 in the ADIPO CM + AMD3100 group, P<.05, 
Figure 3C). Treatment with ADIPO CM resulted in significantly in-
creased number of TRAP-positive cells in comparison to standard 
control treatment with RANKL alone. Besides, as shown in Figure 3C, 
it was revealed that the numbers of osteoclasts were significantly in-
creased in the presence of CXCL12 as compared with ADIPO CM only, 
while addition of AMD3100 lessened this effect. However, although 
treatment with ADIPO CM and AMD3100 showed more osteoclasts 
than group of control, there was no obvious distinction between them.

In addition, the pit-forming assay showed that treatment with ADIPO 
CM clearly enhanced the surface of calcium phosphate resorbed in com-
parison to control. Statistical analysis revealed that CXCL12 treatment 
induced an increase in the proportion of resorption area, while after 
blocking the CXCL12/CXCR4 signalling pathway using AMD3100, the 
area of bone resorption pits were reduced significantly (3.51 ± 0.21% 
in the control group vs 8.32 ± 0.21% in the ADIPO CM group, vs 
9.26 ± 0.18% in the ADIPO CM + CXCL12 group vs 5.19 ± 0.15% in 
the ADIPO CM + AMD3100 group, P<.05, Figure 3D). Western blot 

analysis statistically showed that the level of NFAT2, a master transcrip-
tion factor, was increased by ADIPO CM, while AMD3100 inhibited this 
effect. Cathepsin K and MMP-9 have been convincingly recognized as 
the most potent proteolytic effectors of osteoclast-mediated bone re-
sorption. Transcription of cathepsin K and MMP-9, two bone remod-
elling genes, were increased in the presence of ADIPO CM, while this 
effect was disturbed with AMD3100 treatment (Figure 4A). Similarly, 
protein expression of cathepsin K and MMP-9 in the culture of ADIPO 
CM were enhanced with treatment of CXCL12 while partially abolished 
by AMD3100 (Figure 4B). Besides, statistical analysis revealed that c-
src, as a key factor for the formation of ruffled border, had analogical 
expression levels of gene in osteoclasts and protein (Figure 4).

3.4 | Adipocyte-derived CXCL-12 upregulated 
osteoclast adhesion-related molecules expression

To further explore the role of adipocyte-derived CXCL12 in the ex-
pression of osteoclast-related adhesion molecules, we analysed the 
mRNA and protein expression of osteoclast adhesion-related mol-
ecules such as CD44, β3 integrin and OPN in all groups (Figure 5). 
qRT-PCR results statistically showed that the expression of CD44, 
β3 integrin and OPN mRNA was enhanced in the presence of ADIPO 

F IGURE  2 ADIPO CM enhanced osteoclast formation and resorption ability. RAW264.7 cells or BMMs were cultured in the α-MEM or 
ADIPO CM. Meanwhile, RAW264.7 cells were treated with 10 ng/mL RANKL while BMMs were administrated with 10 ng/mL RANKL and 
30 ng/mL M-CSF. TRAP staining and resorption pit assay of osteoclasts differentiated from RAW264.7 cells (A) or BMMs (B) were performed. 
TRAP-positive cells were counted (C) under a light microscope and results are expressed as number of TRAP-positive cells per well. The size of 
osteoclast per field was calculated (D) using Image-Pro Plus 6 software. Resorption areas were quantified (E) shown as percent of field (%) using 
Image-Pro Plus 6 software. Values are mean ± SD of three independent experiments. *P<.05, **P<.01. Red arrows indicate the TRAP-positive 
multinucleated cells and black arrows indicate the resorption pits

(A) (B)

(C) (D) (E)
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CM and the combination of CXCL12 and ADIPO CM induced a fur-
ther increase in the expression of these genes. When AMD3100 was 
added into the ADIPO CM, strong suppression on the expression of 
adhesion-related molecules was observed. Western blot analysis re-
vealed a similar expression pattern for the protein of CD44, β3 integ-
rin and OPN corresponding to the results of qRT-PCR.

4  | DISCUSSION

Recent studies have shown that body fat mass is negatively correlated 
with bone mass when the mechanical loading effect of body weight is sta-
tistically removed. Therefore, obesity has been identified as a risk factor 
for osteoporosis.22,23 In this study, we aimed to examine the contribution 
of adipocyte-derived factors to osteoclast differentiation and adhesion-
related molecules in vitro, focusing on the involvement of CXCL12/
CXCR4 signalling pathway in osteoclast differentiation and function. The 
results showed that adipocyte promoted osteoclast differentiation, func-
tion and expression of adhesion-related molecules via secreting CXCL12. 
Thus, targeting CXCL12/CXCR4 signalling pathway may present a prom-
ising therapeutic approach for osteoporosis in obese people.

Several studies have reported a positive relationship of the marrow 
medullary adipogenesis and osteoclastgenisis.24–26 In vivo, high-fat 
diet caused 2-fold to 3-fold in osteoclast formation and bone resorp-
tive capacity compared with low-fat diet group.27 In vitro, co-culture of 
osteoclast precursors with bone marrow-derived mesenchymal stem 
cell-derived adipocytes significantly enhanced osteoclast differentia-
tion with low-dose RANKL.6 Consistent with these studies, our results 
showed that adipocyte supernatant effectively enhanced osteoclast 
differentiation and activity, implying that adipocyte promoted osteo-
clastogenesis in a paracrine manner. Recent studies suggested that adi-
pocytes might modulate osteoclast differentiation and activity through 
secreting the factors, such as leptin, adiponectin and pro-inflammatory 
cytokines.6,7,26,28,29 Whether adipocyte can supply additional factor to 
support and enhance osteoclastogenesis is not well understood.

CXCL12, a chemotactic factor, has been suggested to play potential 
roles in preosteoclast homing, retention, fusion and function by binding 
to its major receptor CXCR4.8–10 Recently, adipocytes have been found 
to highly express CXCL12 both in vitro and in vivo, a fact proposed 
CXCL12 as a potential bridging factor linking lipid metabolism and 
osteoclastic bone resorption.30 In this study, ELISA analyses revealed 
that CXCL12 was highly upregulated in adipocyte supernatant. We also 

F IGURE  3 CXCL12 derived from adipocyte promoted osteoclast differentiation and resorption ability. RAW264.7 cells were cultured under 
control conditions, ADIPO CM or ADIPO CM in the presence of recombinant CXCL12 or AMD3100 with 10 ng/mL RANKL. TRAP staining (A) 
and resorption pits on the plates (B) of osteoclasts differentiated from RAW264.7 cells were captured using a light microscope. Total number 
of TRAP-positive cells per well were counted (C). Resorption areas were quantified (D) shown as percent of field (%). Values are means ± SD of 
three independent experiments. Means with different letters differ significantly from each other P<.05. Red arrows indicate the TRAP-positive 
multinucleated cells and black arrows indicate the resorption pits

(A)

(C)

(B)

(D)
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showed that media conditioned by adipocytes significantly accelerated 
osteoclast differentiation, a process that can be further augmented by 
simultaneously treating with recombinant CXCL12 ligands. Notably, 
treatment with AMD3100 revealed an effect of inhibition on adipocyte-
induced osteoclast differentiation and resorptive ability. Thus, our re-
sults suggested that adipocyte enhanced osteoclast differentiation and 
activity partially through CXCL12/CXCR4 signalling pathway.

It is reported that NFATc1 plays pivotal role in osteoclast forma-
tion, mature and activation via upregulation of various genes responsi-
ble for osteoclast fusion, adhesion, migration and bone resorption.16,31 
In this study, western blot revealed that treatment with AMD3100 
could inhibit the positive role of ADIPO CM in the expression of 
NFAT2 suggesting that CXCL12-derived adipocyte contributed to 
osteoclast development. The initial event in bone resorption is the 
formation of the ruffled border and osteoclast adhesion to the target 
matrix. Osteoclasts synthesize several critical adhesion-related mole-
cules such as β3 integrin and CD44, through which osteoclasts bond 
to bone matrix and initiate the following resorption. β3 integrin and 
CD44 may regulate osteoclastic adhesion and migration by interacting 

with secreted matrix elements such as OPN.32 It has been reported 
that OPN promoted osteoclastic migration in the metastatic lesion 
by its high affinity to CD44 and β3 integrin on osteoclast membrane, 
which leaded to immediate osteolysis.33,34 In our study, supernatant 
of ST2-adipocyte culture enhanced the expression of osteoclastic ad-
hesion molecules. Thus, it appears that some endogenous factors syn-
thesized and secreted by adipocyte may be responsible for this effect.

It has been recently established that by binding to its cell surface 
receptor CXCR4, CXCL12 contributes to multiple cellular events in-
cluding activation of integrin, cytoskeletal reorganization and expres-
sion of adhesion molecules resulting in tumour cell trafficking.20,35 In 
this study, highly escalated level of CXCL12 in supernatant of adipo-
cyte culture detected by ELISA provided a clue to discover the poten-
tial pro-adhesive factor. By blocking CXCL12-CXCR4 signalling with 
AMD3100, we confirmed the positive role of CXCL12 in regulating 
the expression of adhesion factors in osteoclast, as simultaneous 
treatment with AMD3100 greatly abrogated ADIPO CM-induced ad-
hesion factors expression by osteoclast. Consistently, similar phenom-
enon, showing an increased β3 integrin, CD44 and OPN expression 

F IGURE  4 CXCL12 derived from adipocyte contributed to increase the expression of osteoclast functional specific molecules. RAW264.7 
cells were cultured for 4 days with control conditions, with ADIPO CM or with ADIPO CM in the presence of recombinant CXCL12 or 
AMD3100. Quantitative RT-PCR analysis of osteoclast specific genes: c-src, cathepsin K and MMP-9 in osteoclasts were performed (A) and data 
were graphed as fold change relative to control. Western blot of NFAT2, p-src, MMP-9 and cathepsin K in osteoclasts was performed, and band 
intensity analysis of respective protein levels in osteoclasts was normalized to β-actin level and represented as % control. Values are mean ± SD 
of three independent experiments. Means with different letters differ significantly from each other P<.05
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upon CXCL12 treatment, has been observed on lung cancer cells, 
pancreatic cancer cells and other cell types.36,37 Moreover, phosphor-
ylation src at Tyr416 (p-src) appears to play an essential role in the 

dynamics and organization of actin cytoskeleton, as well as the so-
called ruffled border.38,39 Deletion of c-src leads to reduced motility 
and alteration of the cytoskeleton in osteoclast, resulting ultimately 
in their lack of bone resorbing activity.40 In our study, the fact that 
the expression of p-src in osteoclast was increased in the group of 
ADIPO CM and ADIPO CM + CXCL12, while inhibited in the group of 
ADIPO CM + AMD3100 revealed the important role of CXCL12 de-
rived from adipocyte. However, osteoclast adhesion is a complex pro-
cess mediated by several classes of cell adhesion molecules, and it is 
still not clear enough to explain the mechanism in detail. Thus, further 
research for effects of CXCL12 derived from adipocytes on osteoclast 
adhesion is required.

In conclusion, our study indicated the positive effects of adipo-
cytes on osteoclast differentiation and expression of adhesion-related 
molecules, which were achieved partially through CXCL12/CXCR4 
signalling pathway (Figure 6).
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F IGURE  5 CXCL12 derived from adipocyte upregulated the expression of osteoclast adhesion-related molecules. RAW264.7 cells were 
cultured for 4 days with control conditions, with ADIPO CM or with ADIPO CM in the presence of recombinant CXCL12 or AMD3100. 
Quantitative RT-PCR analysis of osteoclast adhesion-related genes: β3 integrin, CD44 and OPN in osteoclasts were performed and data are 
graphed as fold change relative to control (A). Western blot of above molecules in osteoclasts was performed, and band intensity analysis of 
respective protein levels in osteoclasts was normalized to β-actin and represented as % control (B). Values are mean ± SD of three independent 
experiments. Means with different letters differ significantly from each other P<.05

F IGURE  6 Schematic model for ADIPO CM regulation on the 
osteoclast differentiation and activation. Adipocytes secrete CXCL12 
into extracellular environment. Then, the extracellular CXCL12 binds 
to its receptor CXCR4 expressed on the preosteoclasts, further to 
enhance the differentiation, and activity of osteoclasts as well as 
the expression of osteoclast adhesion-related molecules such as β3 
integrin, CD44 and OPN

CXCL12

Adipocyte (ST2)

RANK

OsteoclastOsteoclast precursor

RANKL

Adhesion
CD44             ↑ 
β3 integrin   ↑ 
Osteopontin   ↑            

CK  ↑    MMP-9  ↑ 
p-src  ↑  NFAT2  ↑
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